In recent years, inductors and transformers have become increasingly important factors in power electronics circuit design, not only because their volume is now a dominant aspect in these circuits, but also because their losses sometimes cannot be neglected. Therefore, there is much interest in the development of simple and quick methods capable of calculating the losses of magnetic components with high accuracy, and thus support the design of magnetic components. However, calculating the iron losses of gapped inductors requires much measurement data or/and complex electromagnetic simulations. This paper proposes a novel iron loss calculation method for gapped inductors, based on the loss-map method. An advantage of the proposed method is that the iron losses of gapped inductors can be calculated accurately without the need for complex simulations and with less measurement effort than the existing approaches. The proposed method is experimentally verified using gapped inductors with both MnZn ferrite and iron dust cores.
Introduction
The volume of magnetic components has recently become a dominant factor in power electronic circuits; furthermore, their losses sometimes cannot be neglected (1) . Therefore, reducing the volume and losses of the magnetic components has become a crucial issue to achieve high power densities in power electronic products. Another important factor is the temperature increase of the magnetic components resulting from their losses, because it also restricts their volume and device layout. Therefore, these losses must be accurately estimated, so that both the volume and losses of the magnetic components may be decreased.
The magnetic components are classified into transformers and inductors. The iron loss in transformers is generally calculated with either the Steinmetz equation or the improved generalized Steinmetz equation (iGSE), (1) and (2), respectively (2) (3) . where P V is the iron loss per volume, f sw the switching frequency, B c the flux density in the core, B c,p the peak value of the flux density in the core, ΔB c the peak-to-peak value of the flux density in the core, T the switching cycle length, a) Correspondence to: Toshihisa Shimizu. E-mail: shimizut@tmu. ac.jp * Tokyo Metropolitan University 1-1, Minami-ohsawa, Hachioji, Tokyo 192-0397, Japan * * IWATSU ELECTRIC CO.
1-7-41, Kugayama, Suginami-ku, Tokyo 168-8501, Japan and k, k i , α, and β are the Steinmetz parameters, which depend on the material. Unfortunately, it is difficult to calculate iron losses in inductors with these equations, because they do not consider the effect of dc premagnetization on the losses. When inductors are used in power converters, they are generally operated under dc premagnetized conditions, and the iron losses thus vary with the dc premagnetization. Therefore, the influence of dc premagnetization on the iron losses cannot be neglected; on the contrary, it must be taken into consideration when calculating the iron losses in inductors (4) - (8) . Some research work has already been conducted concerning the determination of iron losses in inductors taking the effect of dc premagnetization into consideration. One of the methods is the loss-map method (4) (9)- (11) , which calculates the iron loss using a loss map. The loss map is a database of iron losses under several magnetizing conditions-such as dc premagnetization H c,dc , ripple flux density ΔB c , and switching frequency f sw . By using the loss map, the iron losses can therefore be calculated taking into account the effect of dc premagnetization. In (4), (9)-(11), the iron loss of the inductor used in a buck converter or pulse width modulation (PWM) inverter is calculated with the loss-map method. Another approach is to use the iGSE equation in (3) (5) . In this method, the iron loss under a premagnetized condition is expressed by representing the coefficients α, β, and k i with a function of the dc premagnetization variable.
Given that the values of k i(H c,dc ) , α (H c,dc ) , and β (H c,dc ) have to be determined by measurement, it is necessary to obtain accurate measured loss values, as in the loss-map method. The effectiveness of calculating the loss in the inductor of a buck-chopper circuit using these methods has been reported in (5) . However, these methods have a drawback in that it is difficult to calculate the iron losses in inductors equipped with a magnetic gap in the core material (hereafter named as a "gapped inductor"). As discussed in detail in Section 4, the loss values expressed in the loss map vary with the air gap length. Therefore, the loss map needs to include additional measurements-for each gap length-to enable the calculation of the iron losses in gapped inductors, which leads to additional difficulties and time consumption when optimizing the air gap length. Another approach to calculate the iron losses in gapped inductors is the finite element method (FEM) (12) . However, this method is complex, requires significant computation time-even on a highperformance computer-and requires a reasonable amount of experience to implement.
To overcome the problem, this work proposes an easy and simple method to calculate the iron losses in gapped inductors. In the proposed method, the core loss in the gapped inductor can be calculated from a new loss map adapted to the gap conditions, which is obtained from the loss map corresponding to the no-gap conditions. The advantage of this method is that it does not require additional measurements or electromagnetic simulations to complement the loss map. This paper is organized as follows. The loss map and loss measurement method are explained in Sections 2 and 3, respectively. Section 4 introduces the method used to derive the loss map under gapped conditions. The proposed method is experimentally verified using both ferrite and iron dust cores in Section 5. Section 6 concludes the paper.
Loss-map Method
This section briefly introduces the loss-map method. First, a difference between the iron loss in transformers and that of inductors is presented.
Iron Losses in Inductors
Figures 1(a) and 2(a) show a typical general transformer circuit in a power electronics application and its operating waveforms, respectively. As shown in Fig. 2(a) , the magnetic field and flux density do not include a dc component. As a result, the center of the hysteresis curve is positioned at the origin of the B-H plane, and the curve is referred to as a major loop. Figures 1(b) and 2(b) show a general buck converter circuit and the waveforms in the inductor, respectively. As shown in Fig. 2(b) , the exciting current i L of the inductor includes a dc component and, therefore, the magnetic field in the core also includes a dc component H c,dc . As a result, the center of the hysteresis curve is positioned in the first quadrant of the B−H plane, and the curve is referred to as a minor loop. The areas surrounded by the major and minor loops correspond to the iron losses [J] per unit volume. The shape and area of the major loopwhich correspond to the iron loss-vary with the switching frequency f sw , the peak-to-peak value of the flux density in the core, ΔB c , and with dB c /dt. On the other hand, the shape and area of the minor loop-which also correspond to the iron loss-vary not only according to f sw , ΔB c , and ΔB c /dt, but also H c,dc . Figure 4 shows the iron loss characteristic curve as a function of H c,dc for iron dust (SK Toho zinc) and ferrite (PC40 TDK) core materials, which is referred to as the "loss map." As shown in Fig. 4 , the iron loss varies with H c,dc , and the loss characteristic curve depends substantially on the magnetic material (13) . Therefore, when calculating the iron loss of the inductors used in power converters, the influence of H c,dc on this loss needs to be considered. 
Loss-map Method
The loss-map method calculates the iron loss of inductors using a loss map, which expresses the iron loss value Q [J/m 3 ] under the particular excitation conditions-such as the dc premagnetization in the core, H c,dc , the ripple flux density in the core, ΔB c , and the switching frequency f sw . The data on the loss map are measured data. The iron loss measurement system and procedure are introduced in Section 3. As previously discussed, the loss maps of iron dust (SK Toho zinc) and ferrite (PC40 TDK) under f sw = 40 kHz are shown in Figs. 4(a) and 4(b), respectively. Figure 5 outlines the loss-map method. In this paper, the procedure to calculate the iron loss of the inductor of a buck converter using the loss map is presented as an example. According to Ampère's law, H c,dc is calculated as
where N is the number of winding turns, I L,dc is the dc component of the inductor's current, and l c is the flux path length of the core. According to Faraday's law, ΔB c is calculated as
where A c is the effective cross sectional area of the core, d the duty ratio, T s the switching cycle, v L the inductor voltage, V in the input voltage, and f sw the switching frequency. The iron loss P i [W] is calculated as
where V c is the core volume. With the loss-map method, not only the iron loss of the inductor used for buck chopper but also that of the PWM inverter can be calculated. The procedures to do so and handle the influence of dB c /dt on the iron loss are discussed in (9) and (11). As discussed above, the iron loss for the various excitation conditions can be calculated with the loss map. Obtaining this map is therefore paramount to calculate iron losses. Figure 6 shows the iron loss measurement system. This system is essentially constituted by a B-H Analyzer (SY-8219 IWATSU) and a dc bias source (SY-961 IWATSU). The B-H Analyzer excites the inductor being measured with a triangular current with the desired switching frequency and ripple component. In addition, the dc bias source provides the desired dc current to the same inductor. As a result, the Table 1 . Specifications of the iron loss measurement system inductor under measurement is excited with the desired triangular current, including the dc component, as in Fig. 2(b) . In other words, the inductor being measured can be excited with the desired dc premagnetization in the core, H c,dc , given that H c,dc can be determined with (4). The B-H Analyzer then measures:
Iron Loss Measurement System
1) The inductor current i L and voltage v L .
2) The minor loop, based on the measured values of i L and v L .
3) The iron loss determined by the area of the minor loop. Voltage v L is measured with a secondary winding wound around the inductor under measurement; the measured iron loss does not include the copper loss. The specifications of this measurement system are shown in Table 1 . To validate the proposed method, the iron losses need to be measured accurately. The phase error between the measurements of i L and v L leads to a decrease in the accuracy of the iron loss measurement, and this influence cannot be neglected (3) (4) . In this particular measurement system, the phase error is corrected automatically by the B-H analyzer with respect to each frequency component contained in the captured waveform. The underlying principle and the measurement error is introduced in (4) in detail. The phase error after correction is ±0.15degree within the frequency range 10 kHz-10 MHz. As a result, in the case of iron dust core and ferrite core, which are used in experiment verification in Section 5, the error of iron loss measurement can be reduced less than 1.5% and less than 15%, respectively.
The iron loss varies with the magnetic material temperature. Therefore, the temperature of the inductor being measured should be kept constant. In this system, one measurement takes approximately ten seconds. In addition, enough cooling time is provided between each measurement and the next. Therefore, the temperature of the inductor is always kept at room temperature, a condition under which all the iron loss data in this paper was measured.
Loss Map in Gapped Conditions
It is generally known that the reluctance of a core increases when the air gap increases, and that the B-H characteristic varies with the air gap length, as shown in Fig. 7 . This means that the loss map of gapped inductors also varies with the air (Fig. 8) . However, the relationship between the air gap length and the loss map is not clear. Therefore, using the loss-map method to calculate the iron loss of a gapped inductor implies that a new loss map-for the gapped conditionmust be measured. This leads to an increase in inductor design time and to additional difficulties in the air gap length optimization. To solve this problem, a method to calculate the new loss map by direct conversion from the loss map of the gapless condition is proposed here. Figure 9 shows the calculation process of the proposed method. In the first step, the loss map of the gapless core and the locus of the minor loop center must be measured. The measurement method to obtain this loss map has been already introduced in Section 3. The method to measure the locus of the minor loop center is presented in Appendix A. In the second step, the core structure of the gapped core-such as the flux path length l c , the air gap length l g , and the effective crosssectional area A c of the core-is decided. Then, as a third step, a conversion equation is used to obtain the iron loss of the gapped core from that of the gapless core. The procedure to derive the conversion equation is introduced in Section 4.2. Finally, the loss map for the targeted core structure is created.
Outline of the Proposed Method

Conversion Equation
To derive the conversion equation, a gapped inductor model-shown in Fig. 10(a) and the equivalent inductor model-shown in Fig. 10 have been used. The number of parameters of the equivalent inductor model is lower than that of the original model. Therefore, it is easier to describe the iron loss characteristics of the gapped inductor by using the equivalent model; this is an advantage of using the equivalent inductor model and will be quantitatively discussed at the end of this section. In gapped inductors like that of Fig. 10(a) , the magnetic field in the core, H c , is lower than the magnetic field in the air gap, H g , because the permeability of the core is higher than that of the air gap. On the other hand, the equivalent inductor model has no air gap; its virtual magnetic field, H v , is therefore the same along the flux path. In the equivalent inductor model, the increase in reluctance resulting from the air gap of the gapped inductor model is described as a decrease in the virtual permeability. In other words, the virtual permeability of the equivalent inductor model is lower than the original permeability of the core. Therefore, H v is lower than H c when the same magnetomotive force is applied to these two models. Applying Ampère's law to the gapped inductor model, the dc premagnetization in the core, H c,dc , can be determined as
Applying Ampère's law to the equivalent inductor model, the dc component of the virtual magnetic field, H v,dc , can be obtained as
By eliminating N, I L,dc , and l c from (7) and (8), a relationship between H v,dc and H c,dc is obtained:
Equation (9) shows that the loss map of the gapped inductor varies with the air gap-as in Fig. 11 -even when the other excitation conditions-i.e., ripple flux density in the core, ΔB c , and switching frequency f sw -are the same. Equation (9) is, however, still not adequate to be used as a conversion equation, because H g,dc is an unknown parameter. To eliminate H g,dc from (9), the following equations can be used:
where B c,dc is the dc component of the flux density in the core, B g,dc is the dc component of the flux density in the air gap, μ o is the space permeability, μ r,dc the relative permeability for H c,dc and B c,dc , and A g the effective cross-sectional area in the air gap. Equations (10), (11), and (12) hold in the gapped inductor model. Equations (10) and (11) express the relationship between the magnetic field and the flux densities in the core and in the air gap, respectively, whereas (12) shows that the flux content is the same in both the core and the air gap. Eliminating H g,dc , B c,dc , and B g,dc from (9)- (12), the following equation is obtained.
Equation (13) is the sought conversion equation used in the proposed method. With it, the loss map considering H c,dc can be converted to a loss map based on H v,dc , i.e., the loss map of a gapless inductor can be converted to the loss map of a gapped inductor. In (13), l g , l c , and A c are design parameters-i.e., known parameters-whereas μ r,dc and A g are unknown parameters. Therefore, to be able to convert loss maps, both μ r,dc and A g need to be determined. The method to determine μ r,dc and A g will be discussed in the next section. As shown in (7), it is difficult to calculate H c,dc because H g,dc is unknown parameter. On the other hand, as shown in (8) , it is easy to calculate H v,dc because N, I L,dc and l c are known parameters. As a result, using H v,dc makes it easy to calculate the iron losses of gapped inductors with the lossmap method.
Determination of µ r,dc
As shown in Fig. 12 , μ r,dc is the relative permeability at the center of the minor loop, i.e., under the core's dc premagnetization, H c,dc , and the dc component of the flux density, B c,dc . It can be determined as follows.
Note that μ r,dc is different from both the initial relative permeability μ r1 and the differential relative permeability μ r2 . To determine it, the position of the center of the minor loop in the B−H plane needs to be first determined. According to (14) , the center of the minor loop is positioned near the initial magnetization curve. In addition, the top of minor loop is tangent to the initial magnetization curve, according to (15) . In this paper, it is assumed that the top of the minor loop verges the initial magnetization curve, as shown in Fig. 13 . Under this assumption, the center of the minor loop-i.e., the values of (14) and Figs. 14(a) and (b). When converting the loss map, the value of μ r,dc used for each H c,dc is based on Fig. 15 .
Determination of A g
A popular equation to determine the effective cross-sectional area in the air gap, A g , is (16) :
where l w is the core width, and t its thickness. Unfortunately, (15) is empirical, and the calculation accuracy depends on the inductor properties (e.g., core shape and permeability, air gap length, and winding positioning). The determination of A g under various conditions is left for future work; in this paper, A g has been determined based on measurements for each inductor property. The procedure is as follows. The equation used to obtain A g is
Equation (16) where R m is the reluctance of the core. In (16) , all parameters except A g , L and the initial relative permeability μ r1 are design parameters, i.e., known parameters. Therefore, to calculate A g with (16), L and μ r1 must be first determined. L was measured with an Impedance Analyzer (4194A -Hewlett Packard) for each experimental inductor, whereas μ r1 was calculated with the following equation-which is obtained from (16) by solving for μ r1 under l g = 0:
L in (18) was measured with the Impedance Analyzer and a gapless inductor. The core used for the gapless inductor is of the same model used for the gapped inductor.
Other Factors Affecting the Iron Loss
Nonuniformities of the magnetic field in the core resulting from the core shape affect the iron loss calculation. Nevertheless, this effect has been neglected in this paper because taking it into consideration would make the discussion unnecessarily complex. Therefore, the experiment was conducted with a simple core in which the effect of magnetic field nonuniformities is as low as possible. In the experiment described in Section 5, toroid cores have been used. In addition, it has been shown that the influence on iron loss calculations of non-uniformities resulting from the difference between the inner and outer flux paths is approximately 10% for cores that are similar in size to the ones used in the experiment (12) . The fringing loss caused by the fringing flux is one of the losses encountered in gapped inductors; however, the increase in iron losses resulting from the fringing loss has been also neglected in this paper. The reason lies again in avoiding unnecessary extra complexity. The experiment was therefore conducted under low fringing loss conditions. The fringing losses can be classified into:
A) Losses in the core surface because of the eddy currents caused by the interlinkage of fringing flux and core. B) Losses in the winding because of the interlinkage of fringing flux and winding.
The fringing losses in A) can be neglected, because both the iron dust and MnZn ferrite cores used in the experiment have a high electrical resistance. The fringing losses classified in B) can be prevented by separating the winding from the air gap; the experimental inductors have been designed in that way.
Experimental Verification
The experiment was conducted with two types of core: Ferrite (PC40 TDK)-a high permeability material-and iron dust (SK Toho Zinc)-a low permeability material. All experiments have been conducted with the iron loss measurement system shown in Fig. 6 at room temperature (T = 27
• C). Table 2 shows the adopted experimental conditions. A switching frequency f sw = 50 kHz was chosen, considering the general switching frequency range of Si devices. The range of dc premagnetization in the core, H c,dc , has been determined considering a general operation range based on the saturation flux density of the core, B c,sat (ferrite: B c,sat = 0.5 T, iron dust: B c,sat = 1.6 T). Figures 16 and 17 show external views of the experimental inductors, whose specifications are presented in Table 3 . All inductors are wound with the exciting winding and the secondary winding. Figures 16(a) and 17(a) correspond to the gapless inductor used to measure the loss map of the gapless inductor. Figsures 16(b)-(d) , 17(b), and 17(c) correspond to the gapped inductor. In order to verify the proposed method, gapped inductors with different air gap lengths have been tested. The cores are of the same model used in the gapless cases. The cores used for the gapped inductors were cut as in Fig. 18(b) ; the values of l g presented in Table 3 correspond to the sum of the two air gap lengths. As discussed in Section 4.4, the windings of the gapped inductors were wound avoiding the air gap, to prevent fringing losses.
Experimental Conditions
Experimental Inductors
Experimental Results
Figures 19(a) and (b) show both the calculation results and the experimentally obtained results. The vertical axis is the iron loss P i [W] (and not Q [J/m 3 ]), because the purpose of this paper is the calculation of the iron loss of the gapped inductor. As shown in Figs. 19(a) and (b) , the experimental results and the calculation results are in good agreement. The error between the calculated results and the experimental results seems to be due to the individual differences between the cores. These results experimentally validate the proposed method both for high-and low-permeability magnetic materials.
Conclusion
This paper proposes a method to calculate the loss map of inductors with the desired air gap lengths from the loss map measured for gapless inductors, which directly leads to a method to calculate the iron loss of gapped inductors using the loss map measured for gapless inductors. The proposed method is verified experimentally with both ferrite and iron dust cores. Two related topics will be pursued in future work: taking into consideration the increase in iron losses that results from fringing losses, and developing a procedure to optimize the air gap length based on the proposed method.
